Objective: To assess the relationship between habitual fish intake and fatty acid levels in serum as well as in the LDL fractions of serum phospholipids and cholesteryl esters. Design: Cross-sectional study. Setting: Cohort of Gipuzkoa (Basque Country, northern Spain) included in the European Prospective Investigation into Cancer and Nutrition (EPIC) project. Subjects: Random sample of 120 healthy volunteers of both sexes aged 35 -65 y, divided into various consumption groups according to daily fish intake. Methods: Data on habitual intake over the previous year was collected by trained interviewers by means of a computerized questionnaire based on the diet history method. Fasting venous blood samples were drawn and fatty acids were measured by gas-liquid chromatography. Results: Lean fish accounted for 78% of all fish consumption in the highest consumption group ( > 115 g=day) and for 60% in the lowest ( < 31 g=day). The mean concentrations of o-3 polyunsaturated fatty acids (PUFA), eicosapentaenoic acid (EPA, C20:5, o-3), and docosahexaenoic acid (DHA, C22:6, o-3) in serum and in the LDL fractions of serum phospholipids and cholesteryl esters increased significantly from the lowest to the highest fish consumption categories. Fish intake showed a statistically significant relationship with o-3 PUFA, EPA and DHA in serum and in the LDL fractions of serum phospholipids and cholesteryl esters both in the simple linear regression analysis and in a multiple regression model adjusted by age, body mass index (BMI) and vegetable intake. Conclusions: Habitual fish intake is reflected in the content of EPA and DHA in serum and in the LDL phospholipid and cholesteryl esters fractions. The concentrations of very-long-chain o-3 fatty acids are useful biomarkers for dietary fish intake, mainly lean fish. Sponsorship: Europe Against Cancer Programme of the European Union (agreement SOC 97 200302 05F02); 'Fondo de Investigaciones Sanitarias', Spanish Ministry of Health (FIS grant 99=0024-05); Government of the Basque Country; and 'Fundación Científica de la Asociación Española contra el Cáncer'. Descriptors: fish intake; fish oil; n-3 fatty acids; biological markers; eicosapentaenoic acid; docosahexaenoic acid
Introduction
The pattern of fatty acids in the blood and adipose tissue is used as a biomarker to assess differences in fatty acid dietary intake between individuals or populations (Knuiman et al, 1980; Katan et al, 1991; Nikkari et al, 1995; Zock et al, 1997) . Fish is the primary source of the major o-3 polyunsaturated fatty acids (PUFA), eicosapentaenoic acid (EPA; C20:5, o-3) and docosahexaenoic acid (DHA; C22:6, o-3). It has been postulated that the high EPA and DHA contents of Greenland Eskimos and Japanese diets is responsible for their low rates of cardiovascular disease (Dyerberg et al, 1978; Bang et al, 1980; Kagawa et al, 1982; Nakamura et al, 1995; Sugano, 1996) . However, the role of o-3 PUFA in terms of their hypolipidemic, antithrombotic, antiarrhythmic, antihypertensive and antiinflammatory aspects is still unsettled (Simopoulos 1991; Harris 1997; Connor 2000) . In a cross-sectional examination of the project 'Cardiovascular Risk in Young Finns' in 1986, the intake of fish correlated with the percentages of EPA and DHA in serum cholesteryl esters and phospholipids (Moilanen et al, 1992) . In Eskimos living in rural southwestern Alaska using primarily fish and marine mammals as subsistence food sources, plasma EPA and DHA concentrations were 13 and 6.8 times higher when compared with non-native control subjects (Parkinson et al, 1994) . High amounts of very-long-chain o-3 fatty acids supplements in Norwegian adults resulted in a significant increase in the concentration of EPA and DHA in plasma phospholipids (Andersen et al, 1996) . Although an association between habitual fish and marine o-3 PUFA intake and the fatty acid composition of plasma lipids, cell membranes, and adipose tissue has been demonstrated (Bjerve et al, 1993; García-Closas et al, 1993; Hjartåker et al, 1997; Marckmann 1999) , reliable dose -response observations in general populations with a wide range of fish intake (lean and fatty) are needed.
The present study therefore investigated the relationship between habitual fish intake and fatty acid levels in serum and in the low-density-lipoprotein (LDL) fractions of serum phospholipids and cholesteryl esters in a population-based sample with different levels of fish intake. Participants were residents in the province of Gipuzkoa (Basque Country, northern Spain) and belonged to one of the Spanish cohorts included in the European Prospective Investigation into Cancer and Nutrition (EPIC) project (Riboli, 1992; Grupo EPIC de España, 1994) .
Methods

Subjects
We studied a random sample of 120 healthy volunteers of both sexes aged 35 -65 from the cohort recruited in the province of Gipuzkoa (Basque Country, Spain) between 1992 and 1995 as part of the EPIC project. Subjects were divided into the following four categories of fish intake according to results of the dietary survey: occasional consumers, < 31 g=day; low consumers, 32 -64 g=day; moderate consumers, 65 -115 g=day; and high consumers, > 115 g=day.
Dietary survey
Data on habitual intake over the previous year was collected by trained interviewers by means of a computerized questionnaire based on the diet history method. The dietary history questionnaire has been developed and validated for its use in Spain as part of the EPIC project (EPIC Group of Spain, 1997a,b) . Briefly, the questionnaire was structured meal by meal according to occasions of food intake. The fish and shellfish categories included more than 60 species with the common names for the different geographic regions as well as canned fish commonly consumed in the Spanish diet. For each food consumed at least twice a month, preparation, frequency of consumption per week, and usual portion size were recorded. The portion size was quantified in natural or household units and by a manual of 35 sets of photographs. The daily intake in grams was obtained from the frequency of consumption per week and the portion size, divided by the 7 days of the week. Nutrient calculations were performed using the food composition table in a computerized database designed for the EPIC project. The intake of the major specific saturated, monounsaturated and PUFA was calculated from more detailed Spanish food-composition tables (Vilardell et al, 1995; Portero et al, 1996) .
Interviews took place during the day at facilities of primary health care centers and lasted about 50 -60 min. Anthropometric measurements were taken before questioning. Height (to the nearest 0.1 cm) was measured using a movable stadiometer. Weight (to the nearest 100 g) was measured after urination using an electronic regularly calibrated weighing machine.
Biochemical analysis
On the day of the interview subjects were appointed for blood sample analysis within the next week at the primary care center where the interview took place or at the reference institution (Public Health Division of Gipuzkoa). Fasting venous blood samples were drawn and immediately processed. Serum samples were stored in liquid nitrogen at 7190 C until analysis. Lipids were extracted after the addition of butylated hydroxytoluene (1%). After one-step direct transesterification procedure (Lepage & Roy, 1986) , fatty acids were analyzed as methyl esters by gas -liquid chromatography with heptadecanoid acid as internal standard. The LDL fraction was removed after density gradient ultracentrifugation of serum lipoproteins. LDL lipids were extracted according to the procedure of Bligh and Dyer (1959) and phospholipids and cholesteryl esters separated by thin-layer chromatography on silica gel plates (Henderson & Tocher, 1992) .
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Statistics
Data are expressed as mean ( AE s.d.) . Fish intake is expressed as grams per day (g=day), the intake of main nutrients as both g=day and percentage of total calory intake adjusted for energy intake according to the residuals method (Willet, 1998) , and fatty acids as nmol=l and in percentage of total fatty acid methyl esters. The differences in fatty acid levels in serum as well as in the LDL fractions of serum phospholipids and cholesteryl esters among the groups of occasional ( < 31 g=day), low (32 -64 g=day), moderate (65 -115 g=day), and high ( > 115 g=day) fish consumers were tested using one-way analysis of variance (ANOVA), analysis of covariance (ANCOVA), and post hoc Tukey's or Tamhane's procedure for multiple comparisons depending on equality of variances. Variables with skewed distribution were tested with the Kruskall -Wallis test. The association between concentration of EPA and DHA in serum and in LDL fractions of serum phospholipids and cholesteryl esters and fish consumption ( < 31, 32 -64, 65 -115 and > 115 g=day) was assessed by simple linear regression analysis and by multiple regression analysis controlling for the confounding variables: age, body mass index (BMI) in kg=m 2 , and vegetable intake. The assumptions of the multiple regression model were confirmed by residual analysis (Kleinbaum et al, 1988) . All results were considered significant at P < 0.05. The Statistical Package for the Social Sciences (SPSS)=PC þ computer software package (version 8.0 SPSS Inc., Chicago, IL, USA) was used for the statistical analysis.
Results
Of the 120 healthy volunteers included in the study, 18 were excluded because of missing data on fatty acid analysis. The study population consisted of 102 subjects whose main characteristics as related to fish intake are shown in Table 1 . Lean fish accounted for 78% of all fish consumption in the highest consumption group and for 60% in the lowest group. In all groups, the consumption of lean fish was significantly higher than the consumption of fatty fish. Mean values of the following variables: age, height, weight, BMI, total calory intake, and consumption of main nutrients (g=day), were similar in all groups. However, when the intake of main nutrients was expressed as the percentage of total energy intake, subjects in the highest group as compared with those in the lowest, consumed significantly more protein and less carbohydrate. Consumption by food categories (meat, fruit, vegetables and dairy products) was not significantly associated with the level of fish consumption (data not shown).
As shown in Table 2 , dietary intakes of o-3 PUFA, alinoleic acid, EPA and DHA increased significantly from the lowest to the highest fish consumption groups, whereas intake of saturated, monounsaturated or o-6 PUFA did not vary significantly with fish consumption. A total of 20 fatty acids were quantified in all samples, from myristic acid (14:0) to DHA (22:6o-3). The mean concentrations of o-3 PUFA, EPA and DHA in serum as well as in the LDL fractions of serum phospholipids and cholesteryl esters increased significantly from the lowest to the highest fish consumption category ( Table 2) .
Results of simple linear regression analysis showed a statistically significant (P < 0.001) relationship between the explanatory variable fish intake (g=day) and the response variables serum concentrations of o-3 PUFA (regression coefficient, r ¼ 0.41); EPA (r ¼ 0.39); DHA (r ¼ 0.38); and EPA=AA ratio (r ¼ 0.42). Moreover, fish intake showed a statistically significant relationship with concentrations in LDL phospholipids and cholesteryl esters of o-3 PUFA (r ¼ 0.35 and r ¼ 0.39, respectively; P < 0.005); EPA (r ¼ 0.31 and r ¼ 0.44, respectively; P < 0.005); DHA Fish intake and very-long-chain o-3 fatty acids P Amiano et al (r ¼ 0.32, P < 0.05 and r ¼ 0.23, P < 0.005); and EPA=AA ratio (r ¼ 0.27 and r ¼ 0.31, respectively; P < 0.005).
In the multiple regression analysis, other independent variables such as ingestion of vitamins C and E did not reach statistical significance and were not included in the model. The variability of o-3 PUFA, EPA, DHA and EPA=AA ratio in serum and in LDL phospholipids and cholesteryl explained by the final model adjusted by the significant confounding variables age, BMI and vegetable intake is shown in Table 3 .
Discussion
The present results show that habitual fish intake is reflected in the content of very-long-chain o-3 fatty acids in serum and in the LDL fractions of serum phospholipids and cholesteryl esters. Fish consumption, mainly lean fish (65%), in Gipuzkoa is high as compared with data from other autonomous communities in Spain (Sociedad Española de Nutrición Comunitaria, 1995). In our study, like others (Svensson et al, 1993) , there was a strong relationship between the frequency of fish consumption as reported on the food frequency questionnaire and dietary intake of very-long-chain o-3 fatty acids, which varied from a mean of 0.05 g=day for EPA and 0.19 g=day for DHA in the lowest consumption group ( < 31 g=day) to 0.32 and 0.85 g=day in the highest consumption group ( > 115 g=day). These findings are consistent with those reported by Anttolainen et al (1996) in a large dietary survey of Finnish adults. These authors reported mean intakes of EPA and DHA of 0.03 and 0.06 g=day, respec- To assess whether habitual fish intake is reflected in biochemical measurements, the content of very-long-chain o-3 fatty acids, EPA and DHA, was determined in serum and in the LDL fractions of serum phospholipids and cholesteryl esters. It has been shown that the adipose tissue contents of EPA and DHA change much more slowly than other fat compartments, eg plasma lipids and cellular membranes. It has been estimated that adipose tissue provides an index of the dietary fat quality of the preceding 2 -3 y, and this means that subcutaneous adipose tissue biopsies are particularly useful for the study of longterm effects of dietary fat quality (Marckmann, 1999) . In our study, however, adipose tissue biopsies were not taken because only blood sampling was considered in the design of the large-scale EPIC project (more than 400 000 participants). On the other hand, adipose tissue biopsies would have probably reduced the number of persons recruited. However, data of the study of Andersen et al (1999) indicate that the relative amounts of very-long-chain o-3 fatty acids in total serum lipids may be associated with the intake of these fatty acids to the same extent as the relative amounts of these fatty acids in adipose tissue.
The present findings of a statistically significant increase in the mean concentrations of o-3 PUFA, EPA and DHA in serum as well as in the LDL fractions of serum phospholipids and cholesteryl esters from the lowest to the highest fish consumption categories confirm similar trends reported in previous studies (Moilanen et al, 1992; Bjerve et al, 1993; Parkinson et al, 1994; Svensson et al, 1993; Andersen et al, 1996) . In agreement with other studies, the relationship between the frequency of habitual fish consumption, as evaluated by a food frequency questionnaire, and serum, LDL phospholipid and cholesteryl ester concentrations of EPA and DHA was statistically significant in the regression analyses (Houwelingen et al, 1989; Bønaa et al, 1992; Nikkari et al, 1995; Ma et al, 1995) . However, differences in the correlation coefficients between dietary and very-long-chain o-3 PUFA in serum, phospholipids and cholesteryl esters reported in various studies may be explained by differences in the method of fatty acid biochemical assay, in the preparation and cooking method, in the composition among fish species, and in the variability of the species consumed, mainly fatty or lean fish. In a cross-sectional study of 234 middle-aged Norwegian women (Hjartåker et al, 1997) , total frequency consumption of fish for dinner showed only weak association with serum phospholipid fatty acid composition. Consumption of fatty fish was positively associated with o-3 fatty acids in serum phospholipids, while no significant association were found for lean fish consumption. In a study of Swedish men carried out by Svensson et al (1993) , in a multiple regression model taking into account fat and lean fish intake simultaneously, there was no influence of lean fish consumption on the levels of o-3 fatty acids, while fatty fish displayed a strong association. Moreover, although dietary habits remain constant, a recent change in the fish consumption pattern in the weeks prior to the interview may affect the concentration of fatty acids in blood in a short time (Willet, 1998) .
The ideal method by which to estimate an individual's habitual consumption of very-long-chain o-3 fatty acids from marine and fish foods does not exist. It has been claimed that the use of adipose tissue biomarkers, in particular the determination of DHA content, as compared with dietary assessments, overcomes the problem of dependence on human memory and reliance on food composition tables (Marckmann, 1999) . In the present study, however, habitual fish intake (mainly lean fish) was reflected in the content of EPA and DHA in serum and in the LDL fraction of serum phospholipids and cholesteryl esters.
